Herpesviruses have coevolved with their vertebrate hosts for over one hundred million years (29) , resulting in a finely tuned equilibrium with the immune system. Human cytomegalovirus (HCMV/HHV5 [a betaherpesvirus]) infects the majority of the world's population, establishing a lifelong, largely asymptomatic infection in immunocompetent persons but causing severe disease in immunocompromised neonates and adults (35) . Excessive accumulation of CMV-specific T cells occurs in persistently infected hosts (18, 43, 46) , a phenomenon termed memory inflation (25) , and has been associated with an immune risk profile and immune senescence in elderly patients (34, 47) .
Both innate and adaptive immune responses control CMV infection. Innate defenses mounted by type I interferons in the initial hours (40) and by NK and NKT cells during the first days largely limit acute replication (6, 45) . Following this initial phase, adaptive immune responses develop. The generation of CMV-specific CD4 T cells correlates strongly with disease protection in patients (10, 11) . Experimental models of CMV infection have shown that CD4 T cells can control primary systemic CMV infection, restrict persistent replication in select tissues, and promote antibody responses (22) (23) (24) . In turn, CD8 T cells can protect immunocompromised humans and mice from CMV disease and restrict viral reactivation from latency (38, 39) .
In order for antigen-presenting cells (APCs) such as dendritic cells (DCs) to effectively activate T cells, costimulatory signals must be induced in combination with T cell receptor (TCR) ligation. Positive cosignals enhance initial T cell activation, promote cell division, augment cell survival, and induce effector functions. The B7-CD28 costimulatory pathway is critical for T cell responses against numerous pathogens (5, 14, 41) . The ligands B7.1 (CD80) and B7.2 (CD86) are rapidly upregulated upon activation of APCs, while their positive costimulatory receptor CD28 is constitutively expressed on both naïve and activated T cells (41) . B7.1/2-induced T cell activation is abrogated in later phases of the response by upregulation of CTLA-4 (CD152), a negative cosignaling receptor for both ligands. Additional negative (e.g., PD-1) and positive (e.g., CD27, OX40, and 4-1BB) cosignals work in concert with B7 ligands to precisely tune the numbers and function of T cells that expand during an acute response, as well as to establish their eventual set point during the memory phase.
A large percentage of the CMV genome is recognized to encode immunomodulatory genes (8) , several of which target the cellular machinery involved in T cell activation (36) . Mouse CMV (MCMV) encodes two gene products that inhibit expression of B7.1 and B7.2 (m138 and m147.5, respectively) (26, 31) , and HCMV similarly downregulates these two costimulatory ligands (17, 32) . Targeting of B7 signaling by both human and mouse CMVs implies it imposes a strong selective pressure on the interplay between CMV and its host. Here we show that B7-CD28 signaling, as well as MCMV modulation of this system, regulates the MCMV-specific CD4 T cell response and impacts persistent replication.
MATERIALS AND METHODS
Mice. C57BL/6 (B6) wild-type (WT), CD28
, and CD28 Ϫ/Ϫ mice (all on a B6 background) and BALB/c mice were purchased from the Jackson Laboratory (Bar Harbor, ME). B7.1 Ϫ/Ϫ and B7.2 Ϫ/Ϫ double-deficient mice (B7.1/2 Ϫ/Ϫ ) on a B6 background were kindly provided by A. Sharpe. CD90.1 (Thy1.1) OT-II and CD90.1 CD28 Ϫ/Ϫ OT-II TCR-transgenic mice were bred in-house. Mice were maintained under specific-pathogen-free conditions in the Department of Laboratory Animal Care at the La Jolla Institute for Allergy and Immunology. All experiments were approved by the La Jolla Institute IACUC in accordance with the guidelines of the Association for Assessment and Accreditation of Laboratory Animal Care.
Generation of MCMV-⌬m138/m147.5 mutant virus. A mutant MCMV deficient for expression of m138 and m147.5 was generated from the previously constructed RV-AL22 BAC that contains four stop codons in the positions of amino acids 48, 49, 50, and 52 of the m147.5 open reading frame (ORF) abrogating the production of a functional m147.5 protein (26) . MCMV-⌬m138/ m147.5 was generated in both the C3X (pSM3FR) and green fluorescent protein (GFP) (pSM3FR-GFP) bacterial artificial chromosome (BAC)-cloned MCMV genome containing the aforementioned mutation (28) . Utilizing the ET-BAC mutagenesis method (26) , a 130-bp region (between nucleotides 193070 and 193201) was replaced with the sequences encoding a kanamycin resistance gene (26) . The following primers were utilized to generate the deletion in the m138 gene: forward, 5Ј-cactggaggtgaaagcgtagttccatgtgtcgacgtcgtacagcatcaagCTACAA GGACGACGACGACAAGTAA-3Ј, and reverse, 5Јgactgaagtcgccaacagagtct gctgtaagctcgatgattaccataactGTGACA CAGGAACACTTAA CGGCTGA-3Ј. Sequences that anneal to the BAC MCMV sequence are lowercase, and those that anneal to the Kan r gene are uppercase. The MCMV-⌬m138/m147.5 mutant virus was verified by restriction digest and sequencing and was confirmed to be unable to downregulate B7.1 and B7.2 in infected cells.
MCMV stock preparation, infection, and quantification. The MCMV-Smith strain (referred to as "MCMV" throughout) was obtained from the American Type Culture Collection (VR-194, Manassas, VA), and salivary gland stocks were prepared in BALB/c mice as described previously (40) . MCMV-OVA has been described (42) . MCMV C3X -⌬m138/m147.5, MCMV GFP -⌬m138/m147.5, and the respective wild-type viruses were derived after BAC DNA electroporation into NIH 3T3 cells (30) , and viral stocks were subsequently generated in the same cells. Age (8-to 12-week-old)-and gender-matched mice were infected intraperitoneally (i.p.) with 5 ϫ 10 4 PFU of salivary gland-derived MCMV-Smith or with 5 ϫ 10 5 PFU of BAC-derived viruses. Bone marrow-derived dendritic cells cultured in granulocyte-macrophage colony-stimulating factor (GM-CSF) were infected as previously described (multiplicity of infection [MOI], 10) (4), and 48 h postinfection these cells were GFP ϩ sorted and adoptively transferred into recipient mice (5 ϫ 10 4 GFP ϩ cells per mouse). MCMV PFU in infected organs were determined as described previously (40) .
In vivo antibody treatment. Hybridomas were cultured in Life Technologies protein-free hybridoma medium-II (Invitrogen, San Diego, CA), and monoclonal antibodies (MAbs) were purified by dialysis of supernatants. To deplete CD4 T cells, 200 g of anti-mouse CD4 MAb (clone GK1.5) was injected i.p. on days Ϫ3, Ϫ1, and ϩ3 after infection. To deplete CD8 T cells, 200 g anti-mouse CD8 MAb (clone 2.43) was injected i.p. on days ϩ3 and ϩ5 after infection. For in vivo blockade of cosignaling molecules, 200 g of anti-mouse B7.1 (clone 16-10A1) and/or anti-mouse B7.2 (clone GL1) or anti-CTLA-4 MAb (clone UC10) was injected i.p. on days Ϫ1, 0 and ϩ2 of infection. All MAbs were administered in 200 l phosphate-buffered saline (PBS).
Flow cytometry and intracellular staining. Spleens were harvested and singlecell suspensions were prepared by mincing the tissue through a 70-m cell strainer (BD Biosciences). Lymphocytes from perfused livers and lungs were obtained by mincing the tissue, followed by collagenase treatment for 0.5 h and lympholyte gradient. Erythrocytes were lysed in a hypotonic (0.82%) ammonium chloride buffer. For cell surface staining, cells were resuspended in staining buffer (PBS ϩ 2% fetal calf serum [FCS] ϩ 0.05% sodium azide) and incubated with fluorescent conjugated antibodies for 30 min at 4C°. For intracellular cytokine staining, cells were in vitro restimulated in 96-well flat-bottom plates (1.5 ϫ 10 6 splenocytes per well). CD8 T cells were stimulated in medium containing 2 g/ml peptide and 1 g/ml brefeldin A for 5 h, and CD4 T cells were stimulated in medium with 5 g/ml peptide for 8 h, of which the last 6 h were in the presence of 1 g/ml brefeldin A. After stimulation, cells were transferred to U-bottom 96-well plates and cell surface stained with fluorescent conjugated antibodies at 4°C for 0.5 h in staining buffer. After being washed, cells were fixed with 1% paraformaldehyde at 4C°for Ͼ0.5 h followed by intracellular staining for cytokines at 4C°for 0.5 to 1 h in Perm/Wash buffer (BD Biosciences). After washing and resuspending in staining buffer, cells were acquired using a BD LSRII flow cytometer and data were analyzed using FlowJo software (Tree Star). Fluorochrome-conjugated monoclonal antibodies specific for CD4, CD8, CD62L, CD90.1, gamma interferon [IFN-␥], tumor necrosis factor [TNF], and V␣2 were purchased from BD Biosciences (San Diego, CA) or eBioscience (San Diego, CA).
Peptides. The following MCMV peptide epitopes were used: major histocompatibility complex (MHC) class I-restricted M45 985 [181] [182] [183] [184] [185] [186] [187] [188] [189] [190] [191] [192] [193] [194] [195] , and m142 [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . Peptides were highperformance liquid chromatography (HPLC) purified and synthesized by A&A Systems (San Diego, CA). Statistical analysis. The statistical significance of viral titers was determined with the Mann-Whitney test, and statistical significance of T cell responses was determined with the two-tailed Student t test. Differences between groups were considered significant at P values of Ͻ0.05 (*, P Ͻ 0.05; **, P Ͻ 0.005).
RESULTS

B7-mediated CD4 T cell responses control MCMV replication.
Mice genetically deficient for both B7.1 and B7.2 (B7.1/ 2 Ϫ/Ϫ ) were utilized to determine the role of B7-CD28 signaling during MCMV infection. At day 3 postinfection, no differences in viral replication were observed in the spleen, liver, or lung when comparing wild-type (WT) and B7.1/2 Ϫ/Ϫ mice (Fig. 1A) . Since NK cells are critical for controlling MCMV at early times, this result suggests that B7.1/2 Ϫ/Ϫ mice mount a normal NK response to this virus. Indeed, no defects in the expression of activation markers (CD25 and CD69) by splenic NK cells (NK1.1 ϩ DX5 ϩ ) were observed at day 3 in MCMV-infected B7.1/2 Ϫ/Ϫ mice (data not shown), consistent with recently published results examining NK cell numbers and proliferation in these mice after MCMV infection (9) . In contrast, at day 15, when T cells contribute to immune control, MCMV replication was markedly higher in the livers of B7.1/2 Ϫ/Ϫ mice (Fig. 1B) . Virus production was also significantly increased in the salivary glands of B7.1/2 Ϫ/Ϫ mice at day 15 and day 35 postinfection (Fig. 1B and C) .
CD4 T cells play the principal role in controlling persistent MCMV replication in the salivary gland (22) , so the contribution of B7-CD28 signaling in the presence and absence of this cellular subset was examined. As expected, depletion of CD4 T cells in WT mice enhanced MCMV production in the salivary glands of WT mice by ϳ8-fold at day 35 following infection ( Fig. 1C) . This increase was slightly higher than that seen in B7.1/2 Ϫ/Ϫ mice or WT mice injected with blocking B7.1/2 antibodies in the absence of depletion (ϳ4-to 5-fold), and depletion of CD4 T cells in B7 signaling-deficient mice further enhanced replication. No increase in salivary gland replication was detected when CD8 T cells were depleted in WT mice. Taken together, these data strongly imply that the impaired MCMV-specific CD4 T cell responses in mice lacking B7 sig- Optimal MCMV-specific CD4 T cell responses are dependent on B7-mediated costimulation. The increased levels of MCMV salivary gland replication in B7.1/2 Ϫ/Ϫ mice suggested that B7-CD28 signaling contributes to the development of the virus-specific CD4 T cell response. To assess this directly, the levels of several MCMV epitope-specific CD4 T cell responses (3) were determined in WT mice and B7.1/2 Ϫ/Ϫ mice ( Fig. 2A ). CD4 T cell responses recognizing MHC class II-restricted epitopes that peak during acute infection (e.g., m18, M25, m139, m141, m142) were significantly decreased at day 8 postinfection in the spleens of B7.1/2 Ϫ/Ϫ mice compared to those in WT mice ( Fig. 2A) , and similar reductions were also observed in the lungs and liver (shown for M25; Fig. 2B ). In addition, the response to a peptide derived from m09, which peaks at ϳday 40, was significantly reduced in B7.1/2 Ϫ/Ϫ mice ( Fig. 2A) .
MCMV-specific CD4 T cell responses are dependent on CD28 interaction with B7.1 and B7.2. To examine the respective roles of B7.1 and B7.2 in regulating the MCMV-specific CD4 T cell response, single B7 knockout (B7.1 Ϫ/Ϫ and B7.2 Ϫ/Ϫ mice) and blocking monoclonal ␣B7.1 and ␣B7.2 antibodies were utilized (Fig. 3A) . MCMV-specific CD4 T cell numbers were only slightly decreased in the singly deficient mice, demonstrating that B7.1 and B7.2 function redundantly to a large degree during MCMV infection (Fig. 3A) . CD28 Ϫ/Ϫ mice essentially mirrored what was observed in B7.1/2 Ϫ/Ϫ mice. Mice treated with antibodies blocking B7.1 and/or B7.2 recapitulated the results observed in genetically deficient mice, with both B7 molecules needing to be blocked to observe marked reductions in MCMV-specific CD4 T cell responses (Fig. 3A and data not shown). To verify that CD28 signaling in the CD4 T cell itself is critical for B7-mediated expansion of MCMVspecific CD4 T cell responses, naïve ovalbumin (OVA)-specific CD4 T cells (OT-II) from WT or CD28 Ϫ/Ϫ mice were transferred into WT mice, which were subsequently infected with MCMV expressing the ovalbumin protein (MCMV-OVA). At day 8 postinfection, the expansion of CD28 Ϫ/Ϫ OT-II cells was markedly reduced compared to that of WT OT-II cells (ϳ30-fold; Fig. 3B ). Taken together, these data indicate that CD28 ligation of CD4 T cells by both B7.1 and B7.2 regulates their expansion during MCMV infection.
Enhancing B7-CD28 interactions by blocking CTLA-4 increases MCMV-specific CD4 T cell responses. To determine whether inhibitory counterbalancing mechanisms for B7-CD28-mediated costimulation are in place during MCMV infection, the binding of B7.1 and B7.2 to their inhibitory receptor CTLA-4 was neutralized by injecting blocking antibodies during initial infection (␣CTLA-4). ␣CTLA-4 increased the frequencies of MCMV-specific CD4 T cells (shown for M25) in the spleen ϳ3-fold (Fig. 4A) . As ␣CTLA-4 also induces splenomegaly, the effect was even more pronounced when absolute numbers were determined, revealing an ϳ5-fold increase for each epitope-specific response (Fig. 4B) . As antici- pated, ␣CTLA-4 did not alter antigen-specific CD4 T cell responses in B7.1/2 Ϫ/Ϫ mice.
B7-CD28 regulation of CD4 T cell expansion is operable primarily during the early phase of MCMV infection.
The experiments in genetically deficient mice indicated that B7-CD28 signals are required for expansion of the MCMV-specific CD4 T cell response during the primary phase of acute infection (i.e., the first 8 days). To determine whether B7-mediated cosignals might also regulate the magnitude of the CD4 T cell response at later times, B7.1/2 was neutralized by injection of blocking antibodies from day 12 to 20 postinfection. Quantifying CD4 T cell levels at this later time also allowed for the analysis of the m09-specific CD4 T cells, as this response is undetectable until later times of infection (3) . MCMV-specific CD4 T cells (m09, M25, and m142) tended to be only very slightly reduced after this treatment, with no reductions reaching significance (Fig. 5) , indicating that the critical phase for B7-CD28 regulation of this response is early during infection.
Inhibition of B7.1 and B7.2 expression by MCMV restricts the CD4 T cell response and promotes persistent replication.
Given that both B7 molecules are crucial for the host to develop MCMV-specific CD4 T cell responses and control persistent replication, we wished to examine the role of these molecules from the virus perspective. Consequently, an MCMV mutant disrupted for expression of both m138 and m147.5 was generated, the proteins responsible for down-modulating B7.1 and B7.2, respectively. Infection of bone marrowderived DCs with MCMV-⌬m138/m147.5 revealed this mutant to be unable to restrict B7.1/2 expression compared to DCs infected with WT (Fig. 6A) . MCMV-WT-or MCMV-⌬m138/ on October 2, 2017 by guest http://jvi.asm.org/ m147.5-infected DCs were then adoptively transferred into WT recipient mice, and the magnitudes of the m18-, M25-, and m141-specific CD4 T cell responses were significantly increased in mice receiving MCMV-⌬m138/m147.5-infected DCs (Fig. 6B) . Moreover, when these two infected DC populations were transferred into B7.1/2 Ϫ/Ϫ recipients, MCMVspecific CD4 T cell responses were dramatically enhanced in mice receiving mutant virus infected cells. In contrast, MCMV epitope-specific CD8 T cell responses were equivalent whether transferred DCs were infected with WT or mutant virus. In total, these results prove unequivocally that B7 downmodulation in DCs themselves preferentially impacts the expansion of MCMV-specific CD4 T cells (Fig. 6B) . When WT mice were infected directly with MCMV-⌬m138/ m147.5, the CD4 T cell responses specific for the peptides m18, M25, and m141 were significantly enhanced after infection (Fig. 6C) . Importantly, no differences in CD4 T cell responses were observed in B7.1/2 Ϫ/Ϫ mice directly infected with MCMV-⌬m138/m147.5 or WT, proving that the inability of MCMV-⌬m138/m147.5 to regulate B7.1/2 expression is responsible for the enhanced T cell responses observed (Fig. 6C) .
To test whether the increased MCMV-specific CD4 T cell response induced by MCMV-⌬m138/m147.5 impacts viral replication, viral titers were determined at several time points after infection. At day 3, when innate immunity is dominant, MCMV-WT and MCMV-⌬m138/m147.5 replicated to similar titers in the liver, spleen, and lung (Fig. 6D) . At day 8 postinfection, however, the titers of MCMV-⌬m138/m147.5 were reduced in the liver compared to those of the WT (Fig. 6E) . Additionally, replication of MCMV-WT was detectable in the salivary glands of BALB/c mice at day 14 postinfection, whereas MCMV-⌬m138/m147.5 was not (Fig. 6E ). Taken together, these data indicate that m138 and m147.5 function to restrict the MCMV-specific CD4 T cell response, translating to an increased duration of persistent phase replication.
DISCUSSION
Like all the herpesviruses, CMV has coevolved with its vertebrate hosts for many millions of years (29) , and the diverse populations of CMV-specific T cells that develop over a lifetime of infection reflect the complexity of this immunological relationship (2, 13, 25, 37) . The contribution of B7-CD28 signaling in promoting T cell responses is pathogen dependent (5) , and the modulation of B7 ligand expression by CMV suggested potential importance. Consistent with this hypothesis, we show in this study that B7-CD28 signaling is essential for developing CD4 T cell-mediated immunity against MCMV and that MCMV inhibition of this cosignaling system dampens the virus-specific CD4 T cell response and enhances persistent replication.
In a recently published study, Cook et al. reported decreased pan-T cell expansion in the liver but not the spleen of mice lacking B7-CD28 signaling at day 6 after MCMV infection (CD3 ϩ NK1.1Ϫ, i.e., not MCMV specific) (9). Our results significantly extend these findings by examining the contribution of B7-CD28 signaling in promoting the MCMV-specific CD4 T cell response and assessing how this translates to control of persistent phase infection. It is clear that the expansion of the MCMV-specific T cell response is dramatically decreased both in the spleen and in the nonlymphoid tissues of B7.1/2 Ϫ/Ϫ mice when using MCMV-specific peptide epitopes to measure these responses. Additionally, antibody blockade of B7.1 and B7.2 revealed that B7-CD28 signaling is primarily operable during the first week of infection. This places the importance of B7-CD28 signaling earlier than that of OX40-OX40L and 4-1BB/ 4-1BBL in the regulation of the MCMV-specific T cell response. Interaction of these TNF receptor superfamily members does not promote MCMV-specific CD4 T cell expansion but instead regulates the eventual memory set point during infection with this persistent virus (19, 20) .
It is often speculated that the multitude of CMV strategies targeting adaptive immunity likely evolved to enable the establishment of persistence. This study identifies specific CMV gene products (i.e., m138 and m147.5) that impact the magnitude of CD4 T cell responses and viral load in vivo. In contrast, others have shown that an MCMV mutant unable to restrict MHC class I-dependent antigen presentation does not alter the CD8 T cell pool after primary infection (12, 33, 36) , although NK control and CD8 T cell restriction of replication in the salivary gland are compromised (27) . It is likely that the majority of CD8 T cells are cross-primed by uninfected APCs (4, 7, 33) , and therefore CMV immune-modulating proteins whose expression is confined to infected cells are likely unable to impact CD8 T cell responses generated by this mechanism. Consistent with this hypothesis, MCMV-⌬m138/m147.5-infected DCs did not alter MCMV-specific CD8 T cell responses when adoptively transferred into mice. Intriguingly, it was recently shown that a rhesus CMV mutant lacking MHC class I-modulating capacity induced a normal rhesus CMV-specific T cell response upon primary infection of monkeys, which was identical to the result with MCMV. However, this mutant was unable to reinfect preimmune monkeys, a feat which can be accomplished by WT CMV and has led to an effort to develop this virus as a vaccine vector (15, 16) . This result adds another dimension to how immune evasion genes must be considered to function in the course of CMV pathogenesis, and it would be interesting to know whether viral genes such as m138 and m147.5 might also impact CMV reinfection.
Because MCMV-⌬m138/m147.5 induced a more robust MCMV-specific CD4 T cell response when mice were directly infected with this mutant virus and when infected DCs were transferred, this is strong evidence that these viral immunemodulating genes can function in APCs and shape the MHC class II-restricted response. This idea is also consistent with recent data from Andrews et al., where the MCMV-specific CD4 T cell response was shown to vary in magnitude depending upon the number of APCs that are productively infected (1). Although m138 is responsible for restricting B7.1 expression, it is also an Fc receptor orthologue (44) and restricts expression of several NK cell-activating ligands (21) . As this same study showed the robustness of NK cell activation during MCMV infection can also impact the CD4 T cell response (1), it is possible that m138 targeting of both innate and adaptive responses makes it an especially effective immune-modulatory protein.
